Abstract Contaminants released from sediment into rivers are one of the main problems to study in environmental hydrodynamics. For contaminants released into the overlying water under different hydrodynamic conditions, the mechanical mechanisms involved can be roughly divided into convective diffusion, molecular diffusion, and adsorption/desorption. Because of the obvious environmental influence of fine sediment (D 90 = 0.06 mm), non-cohesive fine sediment, and cohesive fine sediment are researched in this paper, and phosphorus is chosen for a typical adsorption of a contaminant. Through theoretical analysis of the contaminant release process, according to different hydraulic conditions, the contaminant release coupling mathematical model can be established by the N-S equation, the Darcy equation, the solute transport equation, and the adsorption/desorption equation. Then, the experiments are completed in an open water flume. The simulation results and experimental results show that convective diffusion dominates the contaminant release both in non-cohesive and cohesive fine sediment after their suspension, and that they contribute more than 90 % of the total release. Molecular diffusion and desorption have more of a contribution for contaminant release from unsuspended sediment. In unsuspension sediment, convective diffusion is about 10-50 times larger than molecular diffusion during the initial stages under high velocity; it is close to molecular diffusion in the later stages. Convective diffusion is about 6 times larger than molecular diffusion during the initial stages under low velocity, it is about a quarter of molecular diffusion in later stages, and has a similar level with desorption/adsorption. In unsuspended sediment, a seepage boundary layer exists below the water-sediment interface, and various release mechanisms in that layer mostly dominate the contaminant release process. In non-cohesive fine sediment, the depth of that layer increases linearly with shear stress. In cohesive fine sediment, the range seepage boundary is different from that in non-cohesive sediment, and that phenomenon is more obvious under a lower shear stress.
Introduction
The complex exchange processes of substances like nutrients, persistent organic pollutants (POPs), heavy metals, and other potentially harmful materials between the contaminated sediment and the overlying water column in rivers, lakes, reservoirs, and estuaries are of considerable importance in understanding the impacts of the contaminated sediment on the aquatic environments [1] [2] [3] . It is well known that the transport process across the sediment-water interface in the case of the static release is dominated by the direct diffusion process, and there exists a diffusive boundary layer within which the mass transfer of the contaminants occurs largely due to molecular diffusion or convective diffusion [4] . This diffusive process is likely to cause an increasing contaminant concentration of the overlying water column even after those externally supplied contaminant sources have been removed or heavily reduced, and the associated diffusion flux Table 1 The experimental parameters of natural sediment under 10 g/l I n i t i a l c o n c e n t r a t i o n ( m g / l ) 3 can commonly be estimated based on the measured concentration gradient across the sediment-water interface [5] . Most experimental studies in recent years have focused on static release [6] [7] [8] . Because of the incompleteness of the static release research, contaminated sediment released under hydrodynamic conditions is a growing area of focus. Laboratory experiments such as oscillating grids [9] , annular tanks and open water channels have been conducted to study the contaminated sediment release regularly under conditions of flowing water [10, 11] . By using the annular tank test, the law of sediment suspension and release were simulated by different disturbance forces [12] [13] [14] .
For the adsorptive contaminants, the adsorption/desorption behaviors of the sediment play an important role in the transport process across the sediment-water interface [15] [16] [17] . In this article, the phosphorus (P) adsorption isotherms and artificial sediment samples are examined in sediment suspension experiments. The P desorption and release features from the sediment layer are then experimentally investigated under different hydrodynamic conditions. Because of the obviously environmental influence of fine sediment (D 90 = 0. 06 mm), non-cohesive fine sediment, and cohesive fine sediment are researched in this paper. Through theoretical analysis of the contaminant release process, the contaminant release coupling mathematical model can be established by the N-S equation, the Darcy equation, the solute transport equation and the adsorption/desorption equation [18] [19] [20] . The characteristics of contaminant release from sediment to overlying water are experimentally and numerically investigated under different flow velocities.
Experiment

Experimental flume
The experiments are carried out in an open flume with a rectangular test section of 2.5 m in length, 0.2 m in width, and 0.4 m in height. The overlying re-circulated water of the channel is supplied from a rectangular water tank of 1.5 m 3 volume. The required water flow velocity (0.05-0.15 m/s) and water depth (H = 0.1 m) of the overlying water-body are attained by suitably adjusting both the rotating speed of a frequency-controlled centrifugal water pump and the opening of a tail gate located at the end of the channel flume. A diagram of the experimental setup is shown in Fig. 1 .
During the flume experiments, three sampling sections of the water samples are sent downstream from the inlet of the flume, and seven sampling points at heights of 0.005-0.1 m above the sediment-water interference were arranged in each section. Dissolved total phosphorus (DTP) concentration in the overlying water could be measured in the laboratory under different flow velocities. LDA/LDV is used to measure and supervise the velocity of water flow. In the experiment, the release properties of the contaminants in sediments change with time and could be determined from the measured contaminant concentrations C (mg/l) of the overlying water column. The samples are filtered through a 0.45 μm GF/C membrane, and analyzed by using the molybdenum blue/ascorbic acid method (GB11893-89) for DTP.
Measurements
In general, the contaminant adsorption/desorption characteristics of the sediment depends on numerous interacting physical, biochemical, and environmental factors, among which the physical properties of the sediment are the main influencing factors under consideration in this article [21] . The adsorption/desorption isotherms for different particlesized sediment suspensions are the fundamental properties that greatly affect the contaminant transport process [22] . In the present adsorption experiment, the P adsorption isotherms for sediments were measured and obtained at specific initial aqueous concentrations C 0 as shown in Table 1 [23, 24] . The obtained experimental data in terms of the adsorption quantity and the aqueous equilibrium concentration of all cases fit well with the Langmuir equation. The P adsorption isotherms for natural and artificial sediment suspensions exhibit similar overall trends, indicating that the increasing initial concentration leads to the increasing adsorption quantity of the unit weigh sediments. The obtained data fit well with the Langmuir equation as shown in Table 2 , and the measured adsorption quantity of the natural sediment is shown to be higher in magnitude than that of the artificial sediment. This is predominantly attributed to the fine grain size and, thus, larger specific surface area for the natural sediment. The effect of the sediment content on the adsorption quantity is taken into account in a wide range of the suspension sediment concentrations, and the measured adsorption quantities of different grain-sized sediments in suspension are analyzed respectively. For fine sediment, there exists a maximum adsorption quantity under the experimental conditions. While for the relatively coarse sediment, there also exists a maximum adsorption quantity in magnitude at the appreciably lower peak as compared to that in fine sediment. Therefore, it can be inferred that it is indispensable to comprehensively take the effect of the grain size and sediment content on the adsorption property into consideration. The fine sediment has a more obvious environmental effect; its grain size is normally from 0 to 0.06 mm, and the maximum sorption (S) is 0.793 mg/g, the adsorption coefficient (K ) is 1.198 , and the correlation coefficient of the fitting parameters is 0.985.
In this study, the release mechanisms of pollutants from sediment are first researched by the flume experiment. The sediment contains solid particles in particulate phase and pore water in dissolved phase, which indicates two different kinds of release mechanisms in solid phase and water phase, respectively, from particles and pore water. During the initial resuspension, release flux mainly comes from the desorption from suspended particles and convective diffusion from pore water; in the middle of resuspension, sediment particles change from desorption of contaminants to adsorbed while convective diffusion plays the dominant role at this time. For the long-term release, desorption still occurs because of the cohesive sediment. As shown in Fig. 2 , the particle concentration of the resuspension sediment goes up with increasing velocity, and it rapidly increases after V > 0.10 m/s. That phenomenon can be regarded as sediment resuspension. Fur- 
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Fig. 2
The C/C 0 changes with velocity in the experiment ther analysis of experimental data shows that the release quantity also goes up with the increasing velocity both in non-cohesive and cohesive fine sediment; meanwhile, the release quantity in cohesive fine sediment is smaller than that in non-cohesive sediment because of adsorption/desorption. Convective diffusion dominates the contaminant release both in non-cohesive and cohesive fine sediment after resuspension (V > 0.10 m/s). It contributes more than 90 % of the quantity of the total release. But in unsuspended sediment (V < 0.10m/s), convective diffusion, molecular diffusion, and adsorption/desorption have different contributions at different times during the contaminant release process. In order to study the contribution of those three mechanisms in unsuspended non-cohesive and cohesive fine sediment, the range of seepage boundary layers in sediment can be defined by convective diffusion below the water-sediment interface. Generally, convective diffusion is mainly influenced by flow shear, and the range of seepage boundary layer in non-cohesive sediment increases linearly with flow shear above the water-sediment interface, but that boundary layer of cohesive sediment has different scope because of adsorption/desorption. So the contribution of these three mechanisms in the seepage boundary layer will be analyzed as follows by numerical simulation.
The couple model of contaminant release
The velocity of overlying water brings shear force to the sediment-water interface, and then the shear force enhances seepage velocity in sediment. The contamination release could be promoted with faster seepage velocity by stronger convective and a larger concentration gradient. At the same time, the sediment adsorption/desorption influences the contaminant release in different concentrations too. Therefore, based on the N-S equation, the Darcy equation, the SoluteTransport equation and the Langmuir equation, the coupled mathematical model can be established for the contaminant release process.
The coupled model
(1) Contaminant transport equation Considering the adsorption of sediment, the transport equation can be expressed as the following
where θ is the porosity, C is the concentration of P, C p is the adsorptive concentration of P on sediment,
In general, the contaminant adsorption/desorption characteristics of the sediment are according to the Langmuir equation as follows.
where C p is the adsorptive concentration of P on sediment, K is the adsorption coefficient, S (mg/g) is the maximum sorption,and C is the concentration of P. So 
where U dr is the velocity of Darcy, ρ is the density of the fluid, κ is the permeability of sediment, μ is the viscosity of the fluid, p is the pressure, g is the magnitude of gravitational acceleration,and H is a unit vector in the direction over which g acts. (3) N-S equation
where U ns is the velocity of N-S, p is the pressure,and ρ is the density of the fluid.
Based on the finite element method, the standard k-ε model can be chosen to solve Eq. (4), and the UMPACK solver for a sparse matrix can be used for calculating the small or medium-sized fluid-flow problems, so it is chosen to calculate the coupling velocity field of the overlying water column and sediment. After calculating the steady velocity field, the contaminant transport equation can be calculated for that velocity field by using the finite element method.
As shown in Fig. 3 , The discretization form of the contaminant transport equation can be expressed as Eqs. (5)- (8). 
Geometrical model, boundary conditions and initial conditions
Because of the uniformity of contaminant release along the width of the flume, the 2D geometric model can be built to simulate the process of release near the sediment-water interface. The 2D geometric model is shown in Fig. 2 , water is above the interface, the thickness is 3 cm, and it can be defined as having a characteristic length(d) to calculate the Reynolds number by Re = ρU ns d/μ. Sediment is below the interface, the thickness is 10 cm. The length of the model is 50 cm, and it can be meshed with quadrilateral elements. In the channel experiment, the ratio of depth between water and sediment is three. In numerical simulations, the velocity field and concentration field in sediment are mainly researched, so the depth of water is set as 3 cm to reduce the amount of the calculation, and the top boundary of water is set as a symmetrical boundary condition (Fig. 4) . 
Results
Generally, the velocity gradient of water flow can cause shear stress near the interface; variable shear stress can cause different seepage velocity in sediment, and then it will influence the release flux of contamination. The adsorption/desorption will also influence the concentration of contamination during this process in sediment. In order to research the release mechanisms in un-suspended sediment, the coupled model can be used under V 1 (0.01 m/s), V 2 (0.05 m/s) and V 3 (0.10 m/s), and V 3 is very close to the critical incipient velocity for fine sediment suspension in this paper. As shown in Fig. 5 , C is the concentration of contamination, C 0 is the initial concentration of contamination, and T is the time of contamination As shown in Fig. 6 , H is the depth from water (H > 0) to sediment (H < 0), the location 0 is the interface between water and sediment, the velocity in sediment decreases with the depth increase, the gradient of velocity reaches a peak value near the interface, and then the shear force reaches a peak value at the same place. The contaminant release from a static sediment layer into the overlying water column is a typical mass transfer process above the sediment-water interface. In this case, the contaminant concentration variation of the overlying water column is related to the supply of the contaminants from the sediment, including the desorption from the uppermost sediment, the molecular diffusion from the pore water, and the convective diffusion by velocity gradient. The seepage boundary layer can be defined as a range of sediment in which concentration is influenced by convective diffusion. When the velocity is near the critical incipient velocity, the depth of the seepage boundary layer may reach the maximum in unsuspended sediment. In order to research the relationship between the depth of that boundary and the velocity of the overlying water, the concentration and its flux of contaminant are analyzed at location h 1 , h 2 , and h 3 , h 1 is 1 cm below the interface, h 2 is 3 cm below the interface, and h 3 is 5 cm below the interface. As shown in Fig. 7 , the release flux reaches a peak value in 12 hours at h 1 , and then the flux goes down with time increasing. The release flux continually increases with time at h 2 and h 3 . In the initial stage of release, the contaminant mainly releases via convective diffusion and desorption from h 1 ; the flux is about 10 to 100 times larger than that of h 2 and h 3 . In the middle stage, there is a larger concentration gradient between h 1 and h 2 , thus the influence of molecular diffusion gradually becomes more and more important. Finally, the flux of h 1 , h 2 and h 3 are close to each other.
As show in Fig. 8 , the concentration of h 1 goes down after 20 min and reaches balance after 150 hours under low velocity (V 1 ), and it rapidly goes down at the beginning and reaches the concentration balance in 30 min under high velocity (V 3 ) × × × × Fig. 10 The depth of seepage boundary changing with shear stress as shown in Fig. 9 . Convective diffusion is about 10-50 times larger than molecular diffusion during the initial stages under high velocity, and it is close to molecular diffusion in later stages. But convective diffusion is about 6 times larger than molecular diffusion during the initial stages under low velocity, and it is about a quarter of the molecular diffusion in later stages, and has a similar level with desorption. The contaminant releases mainly via convective diffusion under higher velocity, and it is mainly via molecular diffusion and desorption under lower velocity.
In flume experiments, the characteristics of contaminant release from resuspended sediment and unsuspended sediment are researched by using different particle diameters of sediment. In coarse sediment and non-coherent fine sediments, the contaminant releases mainly via convective diffusion under resuspension conditions, and it is mainly via convective diffusion and molecular diffusion under unsuspended conditions, because of its lower adsorption/desorption. In coherent fine sediment, the contaminant releases mainly via convective diffusion under resuspension conditions. The phenomenon is similar to coarse sediment and non-coherent fine sediment, but the contaminant release is a more complex process under unsuspended condition.
With increasing velocity of overlying water, the shear stress goes up near the interface, and then the convective diffusion in sediments could be enhanced at the same time. Following enhanced convective diffusion, the concentration of contaminants in pore water goes down rapidly, the contaminant is gradually desorbed from sediment by decreasing concentration in the pore water. So, the desorption of coherent fine sediment enhances the concentration in pore water, and it weakens the concentration gradient in pore water. The molecular diffusion is also weakened at the same time, and the flux of contaminant release goes down. Under the lower velocity of flow, that phenomenon is more obvious.
Generally, convective diffusion is mainly influenced by flow shear, and the range of seepage boundary layer in non-cohesive sediment increases linearly with flow shear above the water-sediment interface. As shown in Fig. 10 , in non-cohesive fine sediment, the maximum value of seepage boundary is about 7 cm, and the depth of seepage boundary changes linearly with the shear stress near the interface. In cohesive fine sediment, the maximum value of seepage boundary is also about 7 cm, but the depth of seepage boundary changes nonlinearly with the shear stress. Under lower shear stress conditiosn, the desorption of coherent fine sediment strongly weakens the concentration gradient in pore water, and it also reduces the release flux of contaminants in convective diffusion. Then the range of seepage boundary decreases during that process, which is directly influenced by convective diffusion. Finally, the depth of seepage boundary in cohesive sediment is different from that in non-cohesive sediments.
Conclusion
The characteristics of contaminant release from fine sediment to overlying water are experimentally and numerically investigated under different flow velocities. Conclusions can be summarized as follows:
(1) The obtained experimental data in terms of the adsorption quantity and the aqueous equilibrium concentration for cohesive sediment fit well with the Langmuir equation. The fine sediment (D 90 = 0.06 mm) has more significant environmental effects because of its stronger adsorption and flocculating behaviors. The flume experiment results show that convective diffusion dominates the contaminant release both in non-cohesive and cohesive fine sediment after its resuspension, which contributes more than 90 % of the total release. Compared with sediment in unsuspension and resuspension, molecular diffusion and desorption have more contribution for contaminant release from unsuspended sediments. (2) Because of the coupling effect in overlying water, with the seepage known and the concentration known, a coupled mathematical model could be established for contaminant release from sediment to water. The calculation results are close to experimental results; it can verify the rationality of that model. Convective diffusion is about 10-50 times larger than molecular diffusion and desorption during the initial stages under high velocity, then it is close to molecular diffusion in later stages. Desorption and adsorption have dynamic conversion in later stages followed by equilibrium concentration. Convective diffusion is about 6 times larger than molecular diffusion during the initial stages under low velocity, it is about a quarter of molecular diffusion in later stages, and has a similar level with desorption/adsorption. (3) For non-cohesive unsuspended sediment, the contamination release is mostly influenced by convective diffusion and molecular diffusion; the depth of seepage boundary layer has a nearly linear relationship with the shear stress. Because of desorption/adsorption changing the influence range of convective diffusion, the depth of seepage boundary in cohesive sediments is different from that in non-cohesive sediment. The phenomenon is more obvious under the lower shear stress.
